Knitted glass fiber reinforced polypropylene laminates were fabricated using a combination of co-knitted fabrics and compression molding. The knitted fabrics with different stitch densities were produced using a weft knitting machine. Laminates of 4 and 16 plies were fabricated. Initially, static indentation tests were conducted to determine the approximate energies associated with puncturing of the laminates. Drop tower impact tests were conducted using the same constraint and tup used in the static tests. The trends in peak load and puncture energy observed during static compression testing were similar to those observed in dynamic tests. Parameters that define the impact damage resistance of knitted fabric composites were identified. Both peak load and puncture energy were sensitive to the stitch density, number of plies and imposed strain rate. Efforts were made to compare the impact damage resistance of knitted fabric composites with other conventional reinforcing architectures, including continuous strand mat (CSM), plain weave and orthogonal non-woven fabric. A sensitivity index was proposed to compare the impact damage resistance of these different material systems.
INTRODUCTION
With the growing concern for recyclability of polymer composite materials, in recent years emphasis has shifted away from thermoset to thermoplastic composite materials. Various ways of fabricating thermoplastic composite materials are summarized in Figure 1 . Fabrication of short fiber reinforced thermoplastic composites using injection molding techniques is well established. However, these composite materials are limited mainly to semi-structural applications owing to their relatively low mechanical properties. Continuous fiber reinforced materials are necessary for loadbearing primary and secondary structural applications. Fabrication of continuous fiber reinforced thermoplastic composites using stampable sheets and prepreg tows or tapes as raw materials is a common practice. These reinforcement forms are limited to simple shapes. It has been shown that continuous fiber reinforced thermoplastic composites can be compression molded using co-woven or co-braided fiber preforms; however, these fiber preforms are limited to simple shapes. The ability of these fabrics to conform to complicated structural shapes is also questionable.
Knitted fabrics are gaining importance in the polymer composite industry owing to their potential for * To whom correspondence should be addressed at:
Dept. composites including car roof-tops in the automotive industry. Considerable advantages, such as cost reduction and process simplification, can be achieved by using a combination of co-knitted fiber preforms and compression molding techniques. Materials used in automobiles are required to sustain low and medium velocity impacts; hence, in this work we investigated the impact resistance of knitted fabric reinforced thermoplastic composites. While impact testing of components is an imprecise art, partly due to the reliance on standards intended for unreinforced plastics /10/, there exists a rich history of test methods and experimental techniques /11-13/. A major focus of recent efforts has been to develop impact metrics which would facilitate the comparison of data between different test sites and impact apparati /14,15/. Impact data obtained from drop tower testing were suggested to be more meaningful than the data obtained from the pendulum, strike bar and ball drop impact apparatus /16Λ Hence, we selected the drop weight tower for administering medium impacts ranging up to 7 m/s. Some designers are critically interested in the first sign of incipient damage, for example, while other applications such as armor only concern the ultimate puncture energy or force required to penetrate a structure. The entire range of response in between these two extremes is frequently ignored because it is so difficult to characterize. Some impact studies using knitted fabrics are described in the literature /17/, and similar difficulties arise when attempts are made to report the data and compare different system behaviors. One method is to impact all samples at an energy that is known to puncture completely and simply record the peak force developed during penetration and the total energy absorbed in the process. In doing so, one must be careful to identify where frictional sliding occurs so as not to account for such losses in the energy calculation. Care must still be taken in evaluating the results because absorbed energy has become somewhat of a misnomer. Absorbed energy describes all forms of non-returned energy, including dissipation losses, elastic and plastic deformation, sound, heat, vibration, and damage. While the tup makes contact with the plate locally, it spreads energy into the plate globally. When ultimate failure occurs due to local fracture and excessive deformations, energy still stored elastically within the plate should not be considered to contribute directly to damage. Fracture occurs via strain energy release but only from a zone near the crack tip. Once the tup penetrates the plate there is a decreasing path for externally stored strain energy to be returned to the tup. These features of the drop tower impact test need to be understood in order to rationally discuss energy absorption during puncture. A simple example: a much larger plate would have a geometrically induced larger sink for energy storage even though the same contact force might be required for ultimate puncture /15/. When we report absorbed energy it is for a specific size plate and geometric constraint.
In light of the vast yet untranslated array of reported impact data contained within the literature, we have attempted to provide a comparison of impact damage resistance of knitted fabric composites with those of composites reinforced with commercially available fiber architectures tested under similar conditions.
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EXPERIMENTAL DETAILS
Specimen Fabrication
Knitted fabrics with plain weft knit structure ( Figure 2 ) were produced using a flat bed knitting machine at Kyoto Institute of Technology (Kyoto, Japan). Knitted fabrics were made by simultaneously knitting glass fiber yarns with polypropylene (PP) fiber yarns. Since two different fiber yarns were knitted together, these fabrics are called co-knitted fabrics. Knitted fabrics of different stitch densities were produced by varying the stitch size selector setting on the knitting machine. Stitch density is defined as the number of knit loops per unit area of knitted fabric. Variation of stitch density with the stitch size number is shown in Figure 3 . The stitch density decreases with increasing stitch size control setting from 3 to 10. A higher stitch density corresponds to smaller knit loops and more fibers per unit area of the knitted fabric. The knitted fabrics with a higher stitch density were stiffer than the knitted fabrics with a lower stitch density.
Composite laminates of 4 and 16 plies were fabricated by a compression molding technique. Compression molding was carried out at 225°C for 15 minutes. During molding the PP fibers melt and impregnate the knitted fabrics. Compression molding pressures of 2 MPa and 6 MPa were used in fabrication of the 4 and 16 ply laminates, respectively. At the end of impregnation the complete set-up was cooled in air to room temperature. The 4 and 16 ply laminates were approximately 1.3 mm and 2.5 mm thick, respectively. Fiber contents of the laminates were determined by a combustion method. Variation of fiber content with stitch density is shown in Figure 4 . As expected, the fiber content increased with increasing stitch density of the knitted fabrics. Void content of the laminates varied in the range from 0.07 to 0.14. Impact specimens 90 mm square were cut from the laminates. The composite systems listed in Table 1 were fabricated using a resin transfer molding (RTM) technique at the Center for Composite Materials (University of Delaware, USA). The preforms were sequentially placed into a tool with a 3.175 mm high cavity and injected with Derakane 411-C50 vinyl-ester resin at 0.25 MPa. This thermosetting resin was catalyzed with 1.75 wt% peroxide and combined with 1. wt% Kanstick mold release agent prior to injection. A 30 minute tool cure at 100°C was followed by a 3 hour oven post cure at 125°C. The thickness of each laminate was approximately 2.5 mm. Impact specimens 90 mm square were cut from the laminates.
Static Tests
Static indentation tests were conducted to estimate energies associated with puncturing the knitted fabric reinforced composite laminates. Static test results were useful in selecting proper tup weights and impact velocities to be used during impact testing. Static compression tests were carried out using an Instron model 1125 load frame. Each specimen was clamped on a cylindrical jig with an internal diameter of 76 mm. The jig was mounted on the fixed cross-head of the testing machine. The same jig was used to constrain samples during the drop tower impact tests. A 12.7 mm diameter hemispherical nosed tup was mounted on the moving head of the machine. All of the specimens were compression tested at a constant cross-head speed of 0.77 mm/minute (0.05 inch/minute). Load-deflection traces were recorded using Lab View software and a data acquisition board. The punctured samples were examined using optical microscopy.
Impact Tests
Low velocity impact tests were conducted using a modified Dynatup model 8200 drop weight impact tower. The instrumented drop tower permits direct measurement of the transient contact force through a 50 kN load transducer located between the cross-head and 12.7 mm diameter hemispherical tup nose. Impact tests were conducted at 4 m/s. The total unloaded weight of the cross-head and the tup was 3625 g. The drop tower was connected to a GRC model 730-1 data acquisition system which records both the transient contact force and the quantity of kinetic energy transferred as a function of time during the impact event.
RESULTS AND DISCUSSION
Static Tests
Typical load-deflection curves obtained from static compression testing of laminates are shown in Figure 5 . In the 4 ply laminates the load increased gradually with increasing deflection, whereas in 16 ply laminates the Deflection, mm Typical load-deflection curves obtained from the static compression tests.
load increased rapidly with increasing deflection. This can be understood by examining the deformation process of the knitted fabric composite.
Dry knitted fabric is not very rigid due to its looped fiber architecture. Even for small external loads, with the absence of surrounding matrix, a knitted fabric deforms by changing its knit loop structure. Thermoplastic polypropylene is more compliant than thermoset matrices such as epoxy and vinylester. Effectively, one has a composite of ductile matrix reinforced with highly deformable knitted fabric. However, in the composite, the polypropylene surrounding the knit loops does not allow the knit structure to deform freely. The restrictive support of the matrix to knitted fabric makes the composite as a whole fairly rigid. Since the fiber contents of 4 ply laminates were smaller than those of 16 ply laminates, it is possible that the behavior of 4 ply laminates was dominated by the thermoplastic polypropylene matrix. This would explain why during initial stages of loading, the deformation of 4 ply laminates was large for a small compression load. In the case of 16 ply laminates, the fiber contents were sufficiently high, resulting in more resistance to the advancing tup and a rapid increase of compression load. Another possible interpretation is the dependence of bending stiffness (D) of plate specimens on the elastic modulus (E) and specimen thickness (t).
where υ is the poisson's ratio. The thickness of 16 ply laminates was approximately twice the thickness of the 4 ply laminates. Another study /18/ indicated that the elastic modulus of the knitted fiber composite laminates increases by 15% with a 30% increase in fiber content. In the present study, the fiber contents of the 16 ply laminates were much higher than those of the 4 ply laminates. Higher elastic modulus and larger specimen thickness mean higher bending stiffness. The higher bending stiffness resulted in the rapid increase of compression load in the case of 16 ply laminates.
After the initial non-linear behavior, the compression load increased almost linearly with deflection. At peak load, material fracture noises were audible. These noises were associated with fracture of fiber bundles in the top plies within the contact zone. In some cases, no single well-defined maximum load was observed; instead a number of peaks were observed in the loaddeflection curves. With further advancement of the tup, the load dropped rapidly. Tup penetration through the knitted fabric plies was also observed. After the hemispherical nose of the tup completely penetrated all the plies, the load gradually stabilized. With further advancement of the tup, the load remained constant corresponding to a horizontal asymptotic portion of the load-deflection curve which may be attributed to frictional forces developed between the tup and the punctured specimen. A photograph of the punctured knitted fabric composite laminate is shown in Figure 6 .
Our objective was to determine the energy required to just puncture the knitted fabric composite laminates, so the area under the asymptotic portion of the loaddeflection curve was not considered. The balance of the area under the load-deflection curve was taken as the puncture energy. Both the peak load and puncture energy were sensitive to stitch density and the number of plies of knitted fabric (Figures 7 and 8) . As expected the 16 ply laminates displayed higher peak loads and puncture energies than the 4 ply laminates. Both peak load and puncture energy increased with increasing stitch density. The stitch density effect was more apparent in the 16 ply laminates. Tensile studies indicated that the elastic modulus and tensile strength of the knitted fabric composites increase with increasing stitch density /18/. Stiflfer composite specimens Variation of static puncture energy with stitch density.
offer more resistance to the tup. It may be significant that the number of fiber bundles broken during puncture increases with increasing stitch density, resulting in higher peak load and puncture energy.
Impact Tests
An optical photograph of the impacted laminate is shown in Figure 9 . Punctured knitted fabric plies and fractured fiber bundles can be seen in the photograph. A typical load-time trace for an impacted knitted fabric composite laminate is shown in Figure 10 . Load increases with specimen deflection as kinetic energy is transferred from the impactor cross-head to the specimen. Absorbed energy was computed from the load, tup velocity and time information and plotted as an energy-time trace in Figure 10 . After an initial nonlinear behavior, the energy increased rapidly with time.
At the end of the rapid increase, the slope of the energy-time trace decreased. With further increase of time the energy increased linearly. This linear portion of the energy-time trace may be attributed to the Fig. 9 : Photograph of impacted glass fiber knitted fabric reinforced polypropylene composite.
frictional energy dissipation. Frictional force is expected to be constant as there were no changes in the specimen after complete puncture. Since our main interest is to investigate the puncture energy of different material systems, the frictional energy was not deliberated in greater detail. The total energy up to the beginning of the linear energy-time curve was taken as the puncture energy.
The meanings of peak load and puncture energy were previously explained. Variations of peak load and puncture energy obtained from impact tests are summarized in Figures 11 and 12 , respectively. Similar to the static test results, both the peak load and the impact energy were sensitive to the stitch density and the number of plies. This suggests that peak load and puncture energies are closely interrelated for a given set of geometric constraints. Both parameters increased with increase of stitch density and number of plies. This trend was similar to the static results indicating that the static tests may provide a reasonable measure of energy absorption capabilities in composite materials. In general, laminates displayed higher peak loads and puncture energies under impact conditions than static test conditions. This may be attributed to the strain rate sensitivity of the knitted fabric reinforced thermoplastic composites. Both the static and impact tests give good measures of energy absorption capabilities of composite materials.
The above-mentioned results clearly indicated that the parameters peak load and puncture energy are closely interrelated. Both parameters give a good indication of impact damage resistance of composite materials. Under impact conditions, highest peak load of 3.7 kN and puncture energy of 35 Joules were displayed by a 16 ply laminate with 30.9% weight fraction of fibers (Wf). Peak load and puncture of our 'best' knit system were compared with several commerTime, msec • -θ-4 Ply Laminate dally available reinforcing fiber architectures ( Figures  13 and 14) . Composite laminates reinforced with conventional fabrics were made to similar specimen dimensions and impacted under identical conditions. It is to be noted that it was difficult to fabricate laminates with identical fiber contents. We have placed "best" in quotes above to illustrate an important subtlety in comparing fabric architectures: the lack of a single dominant scale among the many relative measures of performance. It is difficult, for example, to incorporate adequately the value of fabric drapability in a scale traditionally biased toward high stiffness or strength unless manufacturability is properly addressed. Knits have traditionally been overlooked simply because they lack desired levels of in-plane properties; however, our results suggest that knits could enter the mainstream for certain energy absorbing applications that reward manufacturability and tailorability. The peak load of knitted fabric composites was similar to that of the CSM composite. Knitted fabric composites displayed slightly higher puncture energy than the CSM composite. CSM composite materials are widely used in automobiles and general industry. Considering the lower mechanical properties of CSM composites, the knitted fabric composites will be a desirable replacement. Also, considering their low fiber content (Wf=30.9%), the impact damage resistance of knitted fabric composites is comparable to that of plain woven fabric reinforced composites. The non-woven fabric composites displayed the highest impact damage resistance, i.e. highest peak load and puncture energy (Figures 13 and 14) . With further increase of fiber content of the knitted fabric composites, it is possible to achieve impact damage resistance comparable to that of non-woven fabric composites. The fiber content of the laminates can be increased in two ways: by increasing the stitch density of knitted fabrics and by inserting straight fibers into the knit loops 151.
The laminates compared in this work possessed different fiber contents. For discussion purposes we propose a combination of peak load (P), puncture energy (U) and fiber content as a sensitivity index (S.I) to compare the different material systems tested S.I = (U))(P) W f
Pertinent assumptions include: 1) all test specimens have the same dimensions and 2) the test conditions are identical. Using the sensitivity index, all five material systems were compared ( Figure 15 ). The knitted fabric composites appear to outperform the CSM composites selected in this study. However, woven fabric/ toughened vinylester and non-woven/vinylester composites displayed a higher sensitivity index than the knitted fabric composites. Peak load can be enhanced by increasing the fiber content of the knitted fabric composites. By proper selection of knitted fabric architecture, the impact damage resistance of knitted fabric reinforced composites can be optimized.
CONCLUSIONS
Both static and impact response of knitted fabric reinforced composites showed similar trends. A measure of impact damage resistance of knitted fabric composites has been developed with two parameters: peak load and puncture energy. Identical laminates displayed higher peak load and puncture energy under impact testing conditions than during static testing. Both parameters increased with increasing knitted fabric stitch density and the number of plies of knitted fabric. Laminates with a fiber content of 30.9% by weight displayed the highest puncture energy of 35 Joules and a peak load of 3.7 kN. The impact damage resistance of knitted fabric composites is comparable to that of selected CSM (Wf = 36.5%) and woven fabric (Wf= 49%) composites used in this study. With further increases of fiber content in knitted fabric laminates it may be possible to achieve higher impact damage resistance.
